Objective: To quantify the direct and indirect effects of fetal (position in family, weight, and social class at birth), childhood (breast feeding, growth, infections, and social class in childhood, age at menarche), and adult life (social class, alcohol consumption, smoking, diet, reproductive history, exercise, hormone replacement therapy use), and adult size (height, weight) on bone health at age 49-51 years, as measured by bone mineral density, total scanned bone area of the hip and lumbar spine, and femoral neck shaft angle. Design: Follow up study of the Newcastle thousand families birth cohort established in 1947. Participants: 171 men and 218 women who attended for dual energy x ray absorptiometry scanning. Main results: Fetal life explained around 6% of variation in adult bone mineral density for men, but accounted for less than 1% for women. Adult lifestyle, including effects mediated through adult weight accounted for over 10% of variation in density for men and around 6% for women. Almost half of variation in bone area for men was explained by early life. However, most of this was mediated through achieved adult height and weight. In women, less than 5% of variation in bone area was accounted for by early life, after adjusting for adult size. Most of the variation in each of the indicators for both sexes was contributed either directly or indirectly by adult lifestyle and achieved adult height and weight. Conclusions: The effect of fetal life on bone health in adulthood seems to be mediated through achieved adult height.
H ealth in middle age has been proposed to be ''programmed'' by development in utero. 1 2 Recent studies suggest poor fetal and infant growth is associated with decreased skeletal growth and bone mass and an increased risk of osteoporosis and bone fracture in adulthood. [3] [4] [5] However, adult lifestyle factors, which affect the rate of bone mineral loss and hence fracture risk, 6 may be more important predictors of adult bone health than fetal factors. It is also possible that factors in childhood, including periods of inactivity because of ill health, may affect future bone health.
The thousand families cohort 7 provides an opportunity to investigate the fetal, childhood, and later life determinants of two indicators of bone health at age 49-51; bone mineral density (BMD) and bone area, and femoral neck shaft angle, an independent predictor of fracture risk. 8 A lifecourse approach 9 was used to estimate proportions of variance in these indicators explained by characteristics of fetal, infancy and childhood, and adult life and adult body size (height and weight at age 49-51).
METHODS

Study participants
The thousand families study began as a prospective study of all 1142 children born in May and June 1947 to mothers resident in Newcastle, UK. 10 Participants were members of the cohort who were either traced through the NHS Central Register or contacted the study team in response to media publicity. Between October 1996 and December 1998, health and lifestyle questionnaires were sent out for completion and return and study members invited to attend for clinical examination that took place over the same time period.
Of the original cohort, 832 (86% of the surviving sample of 967 children whose families remained in Newcastle for at least the first year of the study) were traced at age 49-51. 11 Of these, 574 completed the health and lifestyle questionnaire and 389 (171 men and 218 women) underwent dual energy x ray absorptiometry.
Clinical assessment of outcome and adult height and weight Indicators of bone health (BMD and area of the hip and spine, and femoral neck shaft angle) were measured using a Hologic QDR 2000 machine (Hologic Instruments, Waltham, MA, USA). Height and weight were also measured at this time. The scanning machine had a coefficient of variation of 0.5% throughout the period of study. A measure of bone area was derived by adding the total bone areas of the lumbar spine and hip. The femoral neck shaft angle was measured (by SPT and DJR), directly from the BMD scan printout using a method adapted from that previously published. 12 13 The measurement of femoral neck shaft angle had an intraobserver error of 0.79%, interobserver error of 1.2%, and precision of ¡1.2%.
Explanatory variables were grouped within a conceptual framework, 14 according to the lifecourse stage at which they would be expected to influence future bone health (fig 1) . This approach allows the individual effects of variables on bone health in later life to be examined, while also giving the opportunity for an overall effect of factors operating at a similar stage in a person's life to be investigated.
Measurement of early life experience
Information on early life was recorded prospectively for all study members and is described in detail elsewhere. 10 11 15 16 Birth weights, as recorded by the midwife, were standardised for gestational age and sex. 17 Socioeconomic status at birth was measured by paternal occupational social class and at age 5 years by that of the main wage earner in the household. Duration of breast feeding was defined as the length of time an infant was at least partly breast fed. Position in family was calculated from the number of older surviving siblings, including half siblings. 10 Age at menarche was recorded in the questionnaire at age 49-51, a method that has previously been shown to be reliable. 18 Growth in early childhood was measured as the difference in standard deviation scores for birth weight and height at age 9 years. Illnesses were notified to the study team by the health visitors, parents, general practitioners, and from hospital referrals and attendances. For study members with complete follow up to age 15, the total number of episodes of acute illnesses (appendicitis, Bornholm's disease, chicken pox, eye disorders, hepatitis, influenza, measles, meningitis, mumps, rubella, scarlet fever, shingles, whooping cough, and other acute infections) from birth up to the age of 15 was recorded, as was the presence of at least one chronic illness (anaemia, asthma, chronic respiratory disease, chronic ear infection, glandular fever, gout, other lung or respiratory disease, nephritis, polio, tuberculosis) during the same period.
Measurement of adult socioeconomic position and lifestyle Occupational social class of the main wage earner in the household, the number of pack years of cigarettes smoked, alcohol consumption, dietary information, number of pregnancies (the total number of her live births, stillbirths, terminations, and miscarriages) and the use of hormone replacement therapy were derived from the returned self completion questionnaire data at age 49-51. 11 Light drinking, at age 49-51, was defined as up to five units/week of alcohol for women (10 units for men) and moderate drinking up to 21 units for women (28 units for men) . 19 The number of pack years of cigarettes smoked (one pack year = one pack of cigarettes smoked per day for one year) was estimated from the study members' smoking habits at ages 15, 25, 35, and 50, as ascertained at age 49-51. Dietary intake of vitamins C and D, protein, and calcium at age 49-51 were estimated from responses to the European prospective investigation of causes and nutrition (EPIC) food frequency questionnaire, 20 included within the self completion questionnaire. Participants were ranked, and placed into quartiles, as to their daily intake. Physical activity assessment at age 49-51 was based on that used in the Medical Research Council's national survey of health and development. 21 Hormone replacement therapy was defined as ever having received such treatment (up to age 49-51).
Statistical analysis
How representative participants in this study were in relation to the original cohort was tested using x 2 tests. Separate analyses were carried out by sex as BMD, skeletal size, and rates of bone loss are known to differ between men and women. Lifecourse effects on adult health have previously been shown to differ by sex for this and other cohorts. 11 22 23 Furthermore, the inclusion of variables such as age at menarche, and number of pregnancies prevents the use of a combined lifecourse model. Eleven twins were excluded from all analyses because of the differences in fetal development for multiple births and the fact that data contributed by cotwins are not independent. Chronic infection in childhood, hormone replacement therapy and physical activity were defined as binary variables. Social class, position in family, alcohol consumption, number of acute illnesses in childhood, quartiles of ranked adult dietary intake of vitamins C and D, protein and calcium, and number of pregnancies were defined as ordinal variables and assessed for trend. Other explanatory variables were treated as continuous variables. Fractional polynomials were used to investigate non-linear effects. Relations between indicators of bone health and explanatory variables were estimated using multiple linear regression. Standardised regression coefficients (r), denoting the increase in each indicator of bone health for a standard deviation (SD) increase in the explanatory variable, are presented with accompanying 95% confidence intervals. For the assessment of individual relations with indicators of bone health, study members with missing data were included in all analyses for which they contributed complete data.
Weight at age 49-51 was used to adjust BMD measurements for adult body size, because of the confounding effect of body and skeletal size on areal BMD. Similarly, weight and height were used to adjust the results for bone area. No adjustments were made for the analyses of femoral neck shaft angle as body or skeletal size have not been suggested to influence femoral geometry.
The percentage of total variance in each indicator accounted for directly by each lifecourse stage was estimated by the difference in R 2 between models with and without the group of variables in the lifecourse stage of interest (fig 1) , including all other explanatory variables in the model. The overall effect of early life, including indirect effects mediated through factors operating in adulthood, was estimated by the value of R 2 from a model containing those variables operating in early life alone. The overall contribution of adult variables, including effects mediated through adult body size, was estimated by the difference in R 2 between models with and without this group of variables, and including all other variables except adult body size. All variables were included within this analysis. Only participants (115 men and 132 women) with complete data for all variables were included in this latter analysis.
RESULTS
This sample did not differ significantly (p.0.05) from the 753 members of the original cohort not included in this analysis in terms of any of the factors in early life, except sex. There were more women in this sample than men compared with the original cohort (p,0.001, results not presented).
Descriptive statistics for all variables are given in tables 1 and 2. All explanatory variables were considered for analyses of all four outcome variables. Only those statistically significant are discussed.
Lifecourse influences on bone health
Fetal life
Increased standardised birth weight was a significant univariate predictor of increased total bone area for both sexes (p(0.001), but after adjustment for adult height and weight remained significant for only the men (table 3) . No other effect of birth weight was seen.
Earlier family position was a significant predictor of decreased hip BMD in men (p = 0.04), and remained so after adjustment for adult weight (r = 0.04, 95% CI 0.00, 0.08, for a SD (1.75) increase in position in family, p = 0.05). For women, significant increases in femoral neck shaft angle were seen with increasingly advantaged social class at birth (SD 0.9) (r = 20.60, 95% CI 20.14, 1.04, p = 0.010). No other variables were associated with femoral neck shaft angle for either sex.
In men, fetal life directly accounted for between 5.2 and 7.7% of variation in outcome measures. In women, the effect of fetal life factors was smaller and directly explained less than 1% of the variation in BMD (table 4) .
Infancy and childhood
Childhood growth was a significant univariate predictor of bone area for both men (SD 1.34, r = 2.21, 95% CI 0.66, 3.76, p = 0.005) and women (SD 1.36, r = 1.66, 95% CI 0.56, 2.76, p = 0.003), but was not independent of height and weight at age 49-51 (p.0.25).
In men, the overall contribution of all early life variables (fetal, infancy and childhood combined), including indirect effects mediated through later life, was to explain over 16% of the variation in BMD at both sites. Much less was explained in the women. For both sexes, nearly half of the variation in BMD explained by early life was mediated through adult height.
Almost half of all variation in bone area among the men was accounted for by early life variables, including their effects mediated through factors operating later in life, in particular adult height and weight. Less variation in bone area was explained by the overall effect of early life in women. For both sexes, most of the indirect effects involved seemed to be mediated through adult height and weight.
Adult life
In men, decreasing adult vitamin C intake was a significant predictor of decreased hip BMD (SD 1.12, r = 0.02, 95% CI 0.003, 0.04, p = 0.02 adjustment for adult weight). Decreasing adult vitamin C intake was also significantly associated with decreased BMD of the lumbar spine (r = 0.02, 95% CI 0.00, 0.04, p = 0.05). However, this association was no longer significant after adjustment for adult weight (p = 0.2). Self reported alcohol consumption at age 49-51 showed a significant association with bone area in men, which remained after adjustment for adult height and weight (SD 0.78, r = 1.59, 95% CI 0.55, 2.62, p = 0.003). Additional adjustment for waist circumference or physical activity at age 49-51 or socioeconomic status at any age did not affect this result (not presented).
In women, an association was seen between number of pregnancies and hip BMD (SD 1.34, r = 0.02, 95% CI 0.002, 0.04, p = 0.026) although this was of reduced significance after adjustment for adult weight (p = 0.05).
Most of all the explained variation in the indicators of bone health at age 49-51 in both sexes was contributed either directly or indirectly by adult lifestyle and adult body size. Greater proportions of variation in BMD were explained directly by adult weight for women than men. Table 3 Relation between birth weight and bone health, before and after adjustment for adult body size (standardised regression coefficients and corresponding 95% confidence intervals) by sex Adult size adjustments: weight for BMD; weight and height for bone area; no adjustments for femoral neck shaft angle. *Result corresponds to a 0.01 (g/cm 2 ) increase in total hip BMD in men for a standard deviation change in standardised birth weight (where the standard deviation for standardised birth weight in men is 0.94, and for women is 1.11).
Fractional polynomial models provided little evidence for non-linear effects in any of the analyses presented.
DISCUSSION
Principal findings
While a univariate effect of birth weight was seen on bone area, the association was not independent of adult size. Similarly, much of the variation in bone area apparently explained by fetal factors seemed to be mediated through the correlation between adult size and bone area. Although the percentage of variation in bone health explained directly by factors in early life (and not explained by those mediating factors in later life considered) was small, it is probable that these effects would be explained by pathways not considered in this analysis. Factors in infancy and childhood explained little variation in any of the indicators of bone health investigated.
Adult lifestyle and body size accounted for a greater proportion of total variance in BMD and femoral neck shaft angle at age 49-51 than did the overall (but not mediated through achieved adult weight) contributions of early life. In particular, adult weight accounted for almost a quarter of the variation in hip BMD. Material sex differences were evident in proportions of variation explained, suggesting that the effects of factors at different stages of a person's life may vary between the sexes.
Potential weaknesses
Of 1142 people recruited at birth in 1947, 34% participated in the study. Except for sex, the study sample was comparable for all explanatory variables in early life included in this investigation. In addition, inclusion of cohort members who had moved out of the study region increased the representativeness of the population studied.
Our inclusion rate, 50 years after the study began, is similar to that reported in some studies investigating the effects of early life factors on later health, 25 and substantially greater than that reported in others. 3 26 Experiencing childhood in a post-war environment, including rationing of food, may have resulted in reduced dietary variability than in pre-war birth cohorts, although this may make these results more relevant to immediate postwar birth cohorts.
A previous investigation using data from this cohort suggested that the dietary questionnaire may have resulted in the underreporting of dietary energy intake. 11 Other studies have conversely noted an overreporting of energy intake, 27 28 suggesting that results concerning dietary intake should be viewed with caution.
It was not possible to include all possible factors that may influence bone health in adulthood. For example, genetic factors, lifetime exercise, and sunlight exposure may have contributed to the variance not explained by our statistical models.
The women in this study were likely to be peri-menopausal; only a small number had early menopause. We were unable to examine the impact of menopausal status on bone health and the contribution of this to our findings. The sex differences in proportions of variance explained by different stages of life, are, however, likely to reflect hormonal factors in addition to those accounted for by the number of pregnancies.
Comparisons with other studies
The trajectory of bone growth has been suggested to be programmed during early life. 2 Before adjustment for adult height and weight, our results for bone area confirm previous associations reported between birth weight and adult skeletal size. 3 29 This may account for previous reports of associations between birth or infant weight and bone mineral content, which is highly related to skeletal size, and have been shown *Total R 2 refers to the overall amount of variation in each outcome variable explained by all the explanatory variables included in this investigation. The overall contribution of early life variables includes indirect effects mediated through adult socioeconomic position and lifestyle and adult body size. The overall contribution of adulthood includes indirect effects mediated through adult body size. Adult size adjustments: weight for BMD; weight and height for bone area; no adjustments for femoral neck shaft angle.
What this study adds
In this follow up study of 171 men and 218 women born in Newcastle upon Tyne in May and June 1947, the relation between birth weight and skeletal growth has been confirmed. Previous studies have suggested a relation between fetal growth and future bone health. However, the effects of fetal growth and factors operating in early life seem to be mediated through achieved adult height and adult lifestyle.
Policy implications
The link between fetal growth and future bone health seems to be mediated through achieved adult height and adult lifestyle. Promotion of a healthier adult lifestyle would seem to be the public health intervention most likely to reduce the risk of poor bone health in middle age.
to disappear after correction for bone area. 3 An association between birth weight or weight in infancy and bone mineral content has often been seen along with no association between early life and BMD, 2 3 30-32 although an association was present in a small number of studies. 2 29 A recent twin study showed that birth weight was related to BMD, independently of maternal factors, but not independently of adult height and weight. 29 An association between family position and bone health does not seem to have been previously reported.
Adult lifestyle factors such as smoking, diet, and physical activity are known to affect the rate of bone mineral loss and hence fracture risk. 6 This is consistent with our results suggesting that adult lifestyle and body size are the important influences on bone health in middle age. Vitamin C has been postulated as the antioxidant most likely to have an influence on bone formation and bone loss. 33 Previous studies have shown a relation between vitamin C intake and BMD in women, [34] [35] [36] although often at older ages. The relation between vitamin C and BMD seen for the men in this investigation may be, at least in part, attributable to the limitations of dietary assessment.
It is also possible that some of the significant associations between explanatory variables and indicators of bone health are a consequence of the number of statistical models fitted or may reflect unmeasured confounding.
A relation between alcohol consumption and bone area does not seem to have been previously reported, although an association between moderate alcohol consumption and increased BMD has recently been suggested. 37 In addition to bone size and density, future fracture risk is also dependent on bone geometry. Little is known as to which factors may influence femoral neck shaft angle.
Conclusion
Our findings suggest that, while birth weight does seem to influence skeletal growth, adult lifestyle and body size seem to be the most important determinants of bone health in middle age in this cohort. The previously observed effect of fetal life on bone health in adulthood may be mediated through adult height and weight.
